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AIR-SPACE TISSUE IN PLANTS. II? 


H. B. SIFTON 
University of Toronto 


In 1945 the publications on air-space tissue in plants were re- 
viewed (35). The work done since then is not voluminous, but 


has been of some significance and justifies a brief supplement to 
the earlier paper. 


FUNGI 


Concerning this tissue in fungi, a paper (25) published by 
Mariana Moser in 1951 is of interest. She paid attention, among 


other subjects, to the large central cavities in the fruiting bodies 
of various discomycetes. In contrast to the condition reported by 
earlier investigators for basidiomycetes, she found that such cavities 
in Helvella, Gyromitra and Morchella are lined by a special layer 
of tissue that in appearance often differs little, if at all, from that 
covering the outer surface of the stalk. In Helvella elastica de- 
velopment of the lacuna was studied in detail. In a young speci- 
men the stalk has a pith of loosely arranged hyphae. During the 
rapid enlargement of the surrounding trama, these hyphae are 
stretched and ruptured, giving rise to the central space. The lining 
of this space is produced as follows. Cells swell and give rise to 
club-shaped branches which are later cut off from the parent 
hyphae by cross walls. These branches become numerous and 
crowded together, and are oriented anticlinally, forming a palisade. 
Next they enlongate and ramify within the remains of medullary 
tissue. Still later they swell to form a dense skin; the final 
result is a “ Siroderm”, which is described as having “ Hyphen 
des Deckgeflechtes antiklin, die Zellen kettenformig aneinander 
schliessend ”’. 


1 Supplement to article in The Botanical Review 11: 108-143. 1945. 
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An investigation of the causal mechanism concerned in the 
changes described should be of interest. The whole development 
is reminiscent of that described by earlier workers for the lacunae 
from whose walls basidia develop in such a form as Lycoperdon 
(35, p. 109). Rhexigenous lacunae would appear to be quite 
common in fleshy fungi, while lysigenous and schizogenous ones 
are more often found in higher, green plants. 


ALGAE 


With reference to the gas-filled spaces of larger algae, Miss 
Naylor’s work (27) on Durvillea antarctica introduces a new con- 
cept. Earlier writers, in their search for causal agents, made 
mention in turn of the swelling of gas bubbles among the cells, 
the dissolution of hyphal walls, and the strains of differential 
growth. Miss Naylor introduces an additional factor. The strap- 
shaped segments of the frond of Durvillea are honeycombed with 
large lacunae between two plates of tissue composed of the longi- 
tudinal hyphae characteristic of the medulla of this and other 
related forms. The lacunae are separated from each other by 
diaphragms composed of closely interwoven, transverse hyphae, 
similar to but narrower than the longitudinal ones. These trans- 
verse hyphae were found to originate from medullary cells, and 
Miss Naylor’s hypothesis is that their growth, in a direction per- 
pendicular to the plane of flattening of the blade, causes a splitting 
apart of the tissues and a displacement of medullary cells to form 
the lacunae. Such horizontal hyphae have been reported in 
Durvillea antarctica (Chamisso) Hariot and Himanthalia lorea 
(L.) Lyngb. of the Fucales (28), and are common in Laminariales. 


BRYOPHYTA 


On air chambers in Bryophyta, few observations have been 
recorded during the last 15 years. Two contributions to the con- 
troversy over the origin of chambers in the Marchantiales have 
been made. Orth (29), in reply to a paper by Burgeff (7), reiter- 
ates his earlier statement that in Marchantia the chambers are 
endogenous, though he finds them exogenous in all other Mar- 
chantiaceae, and Abeywickrama (1) outlines for those of Riccia 
crispatula an exogenous origin, and development as described by 
Leitgeb (see 35, p. 115). 





AIR-SPACE TISSUE IN PLANTS 


VASCULAR PLANTS 
INITIATION OF AERATING SYSTEM 


With vascular plants more progress has been made along the 
lines we are considering than with other groups. The small chinks 
that are the beginnings of air spaces may make their appearance 
within three or four cells of the tip of the growing point (12). In 
Elodea canadensis Michx., where they and the elongated spaces 
derived from their fusion can be observed to advantage in whole, 
living mounts of the elongated, naked stem tip, they are filled with 
gas when the plant has been for some time in bright sunlight, but 
with water after a sojourn in darkness or shade (13). This 
observation is in sharp contrast to the older concept of such spaces 
as at first containing liquid but soon passing through this stage to 
become permanently filled with air. Hulbary (19) has described 
in detail the development of the spaces in Elodea densa, but he did 
not deal with their content. The fluctuation of gas content, pre- 
sumably connected with the presence or absence of photosynthesis, 
appears not to have been looked for in roots or other underground 
structures. 


LYSIGENOUS LACUNAE 


In stems of Phragmites communis Trin., lysigenous lacunae 
were observed by Tobler (38) to be more plentiful in submerged 
parts. This finding is in agreement with our previous knowledge. 
He also made some further observations which may be pertinent. 
Cell-wall thickening in the outer four or five layers of cells was 
greater above the water than beneath, and so also was lignification. 
Moreover, reeds richly fertilized with nitrogen developed a broader 
stem with larger cells, thinner walls, less lignification, and larger 
lacunae. Stant (36) has described the same species growing in 
Norfolk County, England, as having extensive and homogeneous 
lignification, comparatively thick cell walls, longer fibres, and no 
lacunae, whereas samples from south coastal regions had less 
lignified tissue, and bands of large-celled parenchyma with air 
cavities. If one may judge from the results of earlier work with 
other material, the reduction of lysigenous lacunae in Pragmites 
under certain conditions may have been due to greater longevity 
on the part of the cells, to lack of collapse of the hardened cell 
walls, or to a combination of these two factors. 
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Yamasaki (46) described “ excess moisture injury ” of Japanese 
upland crops in which a breakdown of root cells to form cavities 
was conspicuous. The injury did not take place if the surrounding 
soil had as much as 30% of air space, and plants resistant to it 
were characterized by a well-developed air-conducting system from 
leaves to roots. He agreed with those who had found a connection 
between poor aeration and the production of lysigenous spaces, 
and he found such spaces associated with low redox potential in 
the soil. 

Breakdown of cortical cells in roots to form large spaces, and 
even complete disintegration of the median part of the cortex, 
appears to be more common than was formerly thought. Henrici 
(18) reported this as a regular occurrence in the roots of some 
grasses of South Africa, suggesting drought as a cause of the death 
of the cells, and it has been noted in other plants as well (22). 
Beckel (6), having observed the same condition in some Canadian 
grasses, made some observations of the breakdown in seedling 
roots of Bouteloua gracilis (H.B.K.) Lag. under controlled con- 
ditions. With McPherson’s work (24) on Zea roots in mind, she 
compared roots grown in moist air at 33° C. with others develop- 
ing in three different environments planned to reduce respiratory 
activity. Whether this reduction was attained by lowering the 
temperature, immersing the roots in water, or reducing the oxygen 
pressure in the air about them, the death of the cortical cells was 
always postponed, but not eliminated, which led her to favour 
McPherson’s thesis rather than that of Henrici, assuming, how- 
ever, that the fermentative processes suggested by McPherson for 
the corn roots had not been promoted in Bouteloua. In Bouteloua 
roots the cell walls, though thin and delicate, retained their shape 
for a time after death of the cells, and in roots immersed in water 
they never collapsed. Microchemical tests indicated calcium 
pectate in these walls, as opposed to the pectic acid in those of 
Zea roots. 


SCHIZOGENOUS LACUNAE 


Allsopp, in his experimental work with Marsilea, made observa- 
tions on its schizogenous lacunae. He found (2) that, as had 
been previously reported for spaces in other plants (8, 39, 15), 
they are suppressed to a great degree, or in some cases completely 
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obliterated, by the proliferation brought about by growth sub- 
stances. He found also (3) that in a relatively concentrated (4% 
to 5%) solution of glucose, the land type of the plant was pro- 
duced, with the large lacunae suppressed in the root, and reduced 
in rhizome and petiole, while the loosely fitting cells and large 
spaces of the mesophyll were replaced by palisade and spongy 
parenchyma. In such a solution he found that the cells mature 
and cease dividing at a shorter distance from the apex than in 
plants submerged in water or in a 1% or 2% sugar solution, and 
so the enlargement of the spaces is prevented. A solution with 
2% of glucose and 2% of mannitol was found to produce effects 
similar to those brought about by the 4% glucose solution (4). 
A somewhat similar reduction of airspace tissue under similar 
conditions was observed by Dale (13) in Elodea, which has no 
land form. 

Hulbary (19) has figured several stages in the growth of the 
large, schizogenous, internodal lacunae in the stem of Elodea densa 
(Planch) Caspary, and Dale (12), in a morphological study made 
as a preliminary to experimental work, has carefully followed their 
development in Elodea canadensis Michx. He describes each in- 
ternode as resulting from elongation and subsequent transverse 
divisions of the cells of a single transverse layer of the leaf in- 
sertion disc. While this elongation is going on, the cells of the 
node are dividing, chiefly in a longitudinal direction, thus causing 
the node to increase in diameter. The enlongating internode keeps 
pace with this transverse enlargement, largely by the expansion 
of chinks among the files of internodal cells, and thus the lacunae 
are initiated. Later the spaces are increased in girth by longi- 
tudinal, radiating divisions in the cells surrounding them. 

Elodea grown in complete darkness (13), in a nutrient solution 
with 2% of sucrose, provided interesting results. A variety of 
air-space development took place under these conditions. The 
chinks and slits among the internodal cells developed normally, but 
subsequent growth was not uniform. Sometimes normal schizo- 
genous lacunae were formed, resembling those developing in light, 
but smaller. In other cases the internodal cortex remained solid 
except for the chinks. Sometimes a single internode exhibited 
lacunae in one sector and solid cortex in another, and in no case 
was there more than one circle of lacunae, though two circles are 
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characteristic of the normal stem. Schizogenous lacunae were in 
some cases enlarged lysigenously by death and collapse of the cells 
around them, and some internodes produced large lysigenous 
lacunae whose morphological development corresponded to that 
described by McPherson (24) for roots of Zea. Further experi- 
ments led Dale to conclude that the production of schizogenous 
lacunae is connected with an abundant supply of oxygen during 
photosynthesis (including the increased internal pressure in- 
volved), and that of lysigenous ones with scarcity of oxygen. The 
development of schizogenous lacunae was found not to be inhibited 
by the 2% sugar solution used in the experiments in darkness, or 
by the lack of auxin. With increased oxygen pressure in darkness 
the spaces were all schizogenous. In light an increased oxygen 
pressure in the spaces, whether produced by ideal conditions for 
photosynthesis or by artificial injection, caused air-space develop- 
ment closer to the apex. In material with the spaces supplied with 
oxygen by continuous photosynthesis and subjected to frequent 
alternations of pressure to bring about alternate compression and 
expansion of the gas, the chinks and iacunae enlarged more 
speedily than with any other treatment. 


AIR-SPACE TISSUE IN LEAVES 


The palisade tissue in leaves is said (21, 23, 34) to owe its 
regularity to the tendency of its cells to grow and divide after cells 
of the spongy mesophyll have stopped. It would seem, however, 
that the palisade cells do not owe their shape entirely to crowding, 
for in many cases the individual cells are quite free from each other, 
each being completely surrounded laterally by an air space (23, 
43, 44, 30, 45), and in leaves where they are in contact, spaces 
are present at the corners where three or more come together. For 
the most part these spaces have been found to be smaller in intense 
light. Isanogle (20), however, observed that in very dim light 
also (10% of full daylight) they were reduced in size. 

The suggestion of Mounts (26) and Avery (5) that the large 
spaces and peculiar armed cells of spongy mesophyll arise from a 
stretching and pulling apart of these cells by continued growth of 
the epidermis has been repeated more than once (21, 14). The 
suggestion (23) that other factors play a part seems reasonable, 
especially in view of Haberlandt’s “ Armpalisadengewebe ” (16), 
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in which the epidermal cells themselves have papillae comparable 
with those of cells of the spongy mesophyll. Such a modification 
sometimes occurs even in leaf areas where mesophyll tissue is 
completely lacking (40-42), thus providing sizeable air spaces 
between the upper and the lower epidermis. 

In general, the air-space volume as a whole is reported as greater 
in shade than in sun leaves (23, 43, 44, 11), and leaves from xeric 
habitats have been found especially compact (30, 37). The effect 
of shade on the spongy mesophyll seems still somewhat obscure. 
Two workers (44, 11) have found a tendency to lengthened cell 
connections and enlarged spaces in the spongy tissues of shade 
leaves, while one (20) finds the tissue similar in mature leaves, 
whether in strong or weak light, but developing more slowly in 
shade than in sun. Perhaps another factor, still to be investigated, 
is the crucial one. 


LINING OF THE SPACES 


Recently an old controversy concerning the substance lining the 
intercellular spaces throughout plants has been revived. The early 


stages of this discussion have been reviewed by Hausermann (17). 
It began as a result of attempts to infiltrate the spaces in mesophyll 
tissue with liquid. It was found that while xylol, benzol and 
alcohol penetrated the tissues readily, water did not, and a fatty 
or waxy lining for the spaces was postulated. One investigator 
went so far as to suggest a lining of cutin. Another deduced the 
presence of protein, from the reaction to protein stains. Hauser- 
mann herself made a quantitative study of the capillary rise of 
various liquids in dried strips of Dianthus leaves, and deduced a 
lining for the spaces, that was moistened best by a moderately 
lipophilous substance which had also some hydrophilous qualities. 
She suggested a thin lining of cutin as possessing this character, 
and said that extraction experiments gave ground for a suspicion 
that some waxy substance was present in very small amount. 
Scott and her colleagues (31, 34, 32, 33) have tested various 
parts of many plants microchemically, and report in all parts a 
thin layer of a substance provisionally called “ suberin”, impreg- 
nating the middle lamella, and lining the air spaces. The layer is 
first in evidence, they find, about the time the spaces begin to 
form. It is very thin in hydrophytes and some shade mesophytes, 
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but is heavier in less hydric forms and quite substantial in xero- 
phytes, with the exception of succulents. Such a layer would 
necessarily allow passage of water and dissolved materials, but, 
if composed of polymerized fats, it might well, through its rigidity, 
be a factor in determining the final size and shape of cells and of 
intercellular spaces. 


USEFULNESS OF THE SPACES IN WATER PLANTS 


In the earlier review (35) Conway’s work on Cladium Mariscus 
R.Br. was inadvertently omitted. This was unfortunate because 
of the bearing of her work on the benefit to be derived by aquatics 
from their air-space tissue. Her structural studies (9) indicate 
the presence of air spaces in all parts of C. Mariscus, though they 
are very small in the basal meristem of young growing leaves and 
the transition regions between leaf and stock and between stock 
cortex and root cortex. Her experimental work (10) led her 
to conclude that “in the mature plant of Cladium Mariscus the 
roots growing in unaerated mud are dependent for oxygen supplies 
upon the bases of leaves already dead and on leaves which, though 


still green, are not growing. The growing green leaves do not 
contribute to this gas supply, though at first sight they might have 
been expected to do so”’ 
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CYTOPLASMIC INCLUSIONS OF THE PLANT- 
LIKE FLAGELLATES. III? 


R. P. HALL 
New York University 


The past ten years have witnessed the first applications of two 
important instruments, the phase-contrast microscope and the elec- 
tron microscope, to the investigation of cytological problems in 
phytoflagellates. One interesting development, from investigations 
with the electron microscope, is the emergence of more or less char- 
acteristic structural patterns for mitochondria. It is reasonable to 
hope that such observations may soon make it possible to resolve 
various cases of disputed or mistaken identity involving mitochon- 
dria and other inclusions. In addition to the increasing application 
of electron microscopy, the period just passed has yielded a variety 
of other data on the inclusions of phytoflagellates. 


MITOCHONDRIA 


Observations with the light microscope have contributed infor- 
mation on the mitochondria of cryptomonad, euglenoid and phyto- 
monad flagellates, as well as of a few dinoflagellates. 

In species of Chilomonas and Cryptomonas, mitochondria have 
been described as numerous small elongated inclusions (chondrio- 
conts), mainly subcortical in distribution (4). Although not 
stainable vitally with Janus green, these inclusions can be demon- 
strated satisfactorily by other methods and are said to differ from 
inclusions identified as motochondria by earlier workers (4). 

In various euglenoid flagellates, Hollande (4) has described 
the mitochondria as peripherally distributed inclusions—in differ- 
ent cases, simple or branched chondrioconts, mitochondrial net- 
works, or sometimes mitochondrial ribbons lying parallel to the 
cuticular striations. Hollande’s techniques failed to reveal mito- 
chondria in green species. More recently, however, delicate 
mitochondrial networks have been demonstrated in strains of 
Euglena gracilis (12). In colorless strains of Euglena, the mito- 
chondria are more heavily developed than in related green strains ; 


1 Supplement to articles in The Botanical Review 2: 85-96. 1936; 12: 
512-520. 1946. 
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it is interesting also that both the number and the appearance of 
mitochondria, in euglenoid flagellates belonging to a single strain, 
vary with the type of culture medium (12). It is believed (9, 
12) that the well developed mitochondria represent the “ leuco- 
plast ” sometimes attributed to colorless euglenoid flagellates. 

The mitochondria of several phytomonad flagellates have been 
described as long filaments (Chlorogonium) and networks (Chla- 
mydomonas, Polytoma), and it is suggested that the mitochondrial 
network of Polytoma uvella is identical with the so-called “ leuco- 
plast ” of this flagellate (4). 

Mitochondria have been described in two species of dinoflagel- 
lates. A mitochondrial network, mostly superficial in distribution, 
is present in Polykrikos schwartzi; the so-called “ bacilliform mito- 
chondria”, reported by earlier workers in this flagellate, are said 
to be cortical trichites (5). In Oxyrrhis marina, at best a very 
primitive dinoflagellate, the mitochondria have been identified as 
scattered sausage-shaped or dumbbell-shaped inclusions (2). 

In electron micrographs (15), the mitochondria of Euglena 
gracilis show a limiting membrane from which ridges or flaps 
(cristae mitochondriales) project toward the interior, usually leav- 
ing a clear central channel which contains a presumably fluid 
matrix. The mitochondria of a chrysomonad, Poteriochromonas 
stipitata, are similar to those of E. gracilis, although the ridges 
(cristae) seem to be more flexible than in Euglena (15). 

It is interesting that the mitochondria of these two plant-like 
flagellates show an internal organization similar to that of the 
mitochondria in most cells of higher animals (15), while the mito- 
chondria of certain animal-like Protozoa (species of Amoeba, Para- 
mecium, Blepharisma, Tetrahymena, Tokophrya) show a different 
organization ; instead of internal ridges, or cristae, there are finger- 
like microvilli, a structural pattern reported for only a few types 
of metazoan cells (13). 


GOLGI MATERIAL 


The status of Golgi material in phytoflagellates is still influenced 
by an apparent lack of definitive criteria for identification. Perhaps 
the electron microscope may eventually exert a stabilizing influence, 
but this remains to be seen. 

The Golgi material of cryptomonad flagellates (Chilomonas, 
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Cryptomonas) is said to be represented by a parabasal body (4). 
In several phytomonad flagellates and in 20 species of euglenoid 
flagellates, the Golgi material has been identified as dispersed dic- 
tyosomes, and the various interpretations of earlier workers have 
been reviewed critically by Hollande (4). 

In Polykrikos schwartzi, Hovasse (5) found it impossible to 
recognize Golgi material, and he has pointed out that such in- 
clusions are yet to be demonstrated in the armored dinoflagellates. 


VACUOME 


A vacuome of the usual phytoflagellate type—small scattered 
vacuoles stainable vitally with neutral red and brilliant cresyl blue 
—is a constant feature of Polykrikos schwartzi (5). Similar in- 
clusions have been reported in Chilomonas, Cryptomonas and 
Cyathomonas, and also in several green and colorless euglenoid 
flagellates (4). 


SUBCUTICULAR INCLUSIONS 


Description of “ mucus-vesicles” (3) have been extended to 
additional flagellates. In Pandorina and Chlamydomonas these 
inclusions, which are stainable with neutral red, lie peripheral to 
the chromatophore and apparently represent material stored for the 
construction of cyst walls and comparable layers (4). These 
mucus-vesicles of cryptomonad flagellates seem to be quite distinct 
from the subcuticular trichocysts (4). 

Among the euglenoid flagellates, iodophilic inclusions, not stain- 
able with neutral red, occur in several chlorophyll-free genera— 
Anisonema, Distigma, Entosiphon, Heteronema, Peranema (4). 
Inclusions which are stainable with vital dyes and are not iodo- 
philic occur in several species of Euglena; however, comparable 
inclusions in E. mutabilis are of the iodophilic type (4). 


STORED RESERVES 


Aside from observations of the conventional type on various 
phytoflagellates (4), an interesting application of X-ray diagrams 
indicates that paramylum, in three species of Euglena and in 
Astasia ocellata, is a glucose polymer quite similar to a hydroglucan 
in yeast cells; it appears, however, that the paramylum of A. ocel- 
lata has a crystalline form somewhat different from that in the 
green species (7). 
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CHROMATOPHORES 


Electron micrographs have shown that the chromatophores of 
Euglena and Poteriochromonas are made up of relatively opaque 
lamellae separated by less dense and usually homogeneous material, 
each chromatophore being bounded by a limiting membrane (15). 
It is suggested (14) that the opaque lamellae consist mostly of 
lipids or lipoproteins and that the chloroplast pigments in E£. gracilis 
are arranged in monolayers at the surfaces of the lamellae. 

The electron microscope has been applied also to investigation 
of the changes which occur in the chloroplasts when Euglena 
gracilis is exposed to darkness, high temperatures, metal depletion 
and streptomycin (14). 


PYRENOIDS 


Pyrenoids, at least in Euglena americana and Colacium sp., 
seem to be self-reproducing bodies which divide prior to nuclear 
division in reproduction of the flagellates (4). Although pyrenoids 
seem to be a constant feature of certain species, they show an 
apparently erratic taxonomic distribution in euglenoid flagellates. 


Data accumulated during the past few years (8, 10, 11) indicate 
that there are no pyrenoids in Lepocinclis, Phacus and Eutreptia 
(represented by E. viridis), while each chloroplast possesses a 
single pyrenoid in Colacium and in Trachelomonas (most species 
examined). Within the genus Euglena there is considerable vari- 
ation (8). A number of species (FE. acus, E. spirogyra, 
E. proxima, E. viridis, E. rubida, etc.) lack pyrenoids. In others 
(E. deses, etc.) each chromatophore has one simple pyrenoid. In 
another large group (£. anabaena, E. gracilis, E. polymorpha, etc.) 
double-sheathed pyrenoids, their inner and outer surfaces sheathed 
with paramylum, are characteristic. 


STIGMA 


Aside from confirming much older observations that the stigma 
in Euglena is composed of pigment granules, the electron micro- 
scope has contributed little so far to our knowledge of the stigma 
(14, 15). 


PARABASAL APPARATUS 


As described in crytomonad flagellates (4), the parabasal ap- 
paratus varies in structure in different species—a small rod (Cya- 
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thomonas truncata), a long winding cord or ribbon (Cryptomonas 
ovata), two long arms joined to form a V-shaped apparatus 
(Chilomonas paramecium). During binary fission of C. para- 
mecium, the two branches of the parabasal are separated, and each 
branch regenerates the missing portion in reorganization of the 
daughter flagellates. In C. ovata the long parabasal breaks up into 
fragments which are distributed to the daughter flagellates, and 
two new parabasal bodies are reconstituted during reorganization. 


AMPHOSOME 


The presence of an amphosome, a structure of uncertain func- 
tional significance, has been established in species of Chilomonas 
and Cryptomonas. With the apparent exception of Cyathomonas 
truncata, this structure may be a rather characteristic feature of 
cryptomonad flagellates (4). It has been suggested by Hollande 
(4) that the amphosome is identical with the so-called “ extra- 
plastidial pyrenoid” of various species. Division of the amphosome 
in binary fiission has been traced in Chilomonas paramecium (4). 


TRICHOCYSTS 


The undischarged peripharyngeal trichocyst-granules, which lie 
just beneath the wall of the pharyngeal groove or pharynx in 
Chilomonas paramecium and in Cryptomonas (C. erosa, C. ovata), 
are not stainable with iodine or with vital dyes (neutral red, bril- 
liant cresyl blue, Janus green) and are not blackened after osmic 
impregnation (4). However, the trichocyst-filaments, which often 
extend from the pharynx is osmicated preparations, seem to be 
osmiophilic (4). 

The peripharyngeal and the subcuticular trichocysts of Chilo- 
monas paramecium have been compared with the aid of phase- 
contrast and electron microscopy (1). The subcuticular tricho- 
cysts, which undergo incomplete expulsion from cortical inclusions, 
are delicate filaments, invisible with the light microscope but 
readily seen with phase-contrast or dark-field. These filaments 
have been observed also after osmic impregnation (4). Although 
much smaller, the subcuticular trichocysts resemble the peripharyn- 
geal trichocysts in structure (1). Each type of trichocyst ends 
distally in a granule, from which extends a short tapering filament. 
In electron microscopy the larger trichocysts, except in the tip, 
show a longitudinal striation suggesting three or four fibrillar 
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components; the small trichocysts apparently contain only two 
filaments (1). Structure of these trichocysts seems to be con- 
stant in C. paramecium. 

The Feulgen-positive trichocysts of Polykrikos schwartzi (5), 
after discharge and osmic fixation, show a superficial spiral mark- 
ing, the surface resembling that of a taut spring. Unlike those in 
P. schwartzi, the trichocysts of Nematodinium armatum show two 
differentiated portions in the living flagellate (6). In both 
P. schwartzi and N. armatum, the trichocysts are said to be dis- 
charged into the cytoplasm (5, 6). A similar phenomenon, ob- 
served only occasionally in Oxyrrhis marina, is said to be 
abnormal (2). 

The trichocysts of Oxyrrhis marina (2), which are expelled 
from rod-like cortical inclusions, differ in structure from the 
analogous trichocysts of the cryptomonads. In electron micro- 
graphs the trichocyst-filaments of O. marina show transverse stria- 
tions with a periodicity of about 600 A., thus resembling the shaft 
of the trichocysts in certain ciliates. 


CNIDOCYSTS 


The cnidocysts of Polykrikos schwartzi, which are rather similar 
to the nematocycts of coelenterates, have been described in detail 
by Hovasse (5), who has been able to trace development of the 
cnidocysts from their cytoplasmic precursors. These observations 
obviously eliminate any possibility that the cnidocysts are not nor- 
mal inclusions of P. schwartzi. 

In Nematodinium armatum (6) the cnidocysts show a cyclic 
development in which a pre-cnidocyst is budded off from a per- 
manent “ cnidogene” and then develops into a mature cnidocyst. 
The persisting “ cnidogene” produces another pre-cnidocyst and 
the cycle is repeated, independently of binary fission. 
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INTRODUCTION 


In 1946 it was suggested (18) that marine algal ecology was at 
a parting of the ways. In particular it was considered important 
that there be some co-ordination of nomenclatural problems. The 
last ten years have seen a considerable advance in this direction, 
and a number of workers have put forward suggestions for an 
over-all system of classification. At present there is a tendency 
towards general acceptance of the classification put forward by the 
Stephensons (127). Their proposals are certainly applicable to 
the shores of those parts of the world that have been investigated. 

As might be expected, there has been some increase in the num- 
ber of autecological studies, and two or three very important con- 
tributions have made their appearance (76, 84, 110). It is ex- 
pected that more and more such studies will appear because, now 
that the general pattern of zonation is clear, investigations of indi- 
vidual species should throw considerable light on the causal factors 
controlling their place in the zonation. 

There is still a need for ecological studies of muddy bays, sandy 
shores, mangrove swamps and estuaries. It is true that such areas 
are not easy to investigate because many of the species are not 
really identifiable nor are the communities very distinct. Never- 
theless, definite algal communities do exist in such habitats, and 
their study is likely to be rewarding both ecologically and taxo- 
nomically. Thus Thompson (140) has described new dinoflagel- 
lates that form a maritime sand-dwelling community near low 
water mark. Day (32, 33, 116) and co-workers have commenced 
publishing what one hopes will be a series of contributions on es- 
tuarine faunas and floras, whilst the present author (2la) has 
studied the algal flora in a number of representative mangrove and 
salt marsh swamps within the Auckland province of New Zealand. 

A number of life-form classifications were proposed between 
1905 and 1939, but none of them has since proved generally ac- 
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ceptable, nor has any new scheme been proposed subsequently. 
There is thus scope for further work in this field. 

It is convenient in this account to follow the same sequence 
adopted in the first review (18), i.e., a survey will first be given 
of the various descriptive contributions that have been published 
from the major regions of the world. No account will be taken of 
flora lists which, though ultimately important, are not of immediate 
ecological significance. 


ATLANTIC EUROPE-EASTERN NORTH AMERICA 


Despite the amount of work previously carried out in this re- 
gion, numerous additional contributions have appeared during the 
last decade. Many of these (3, 11, 41, 43, 47-49, 54, 55, 58, 71- 
73, 88, 93-95, 118, 122, 124, 129, 130, 145-147, 156, 157, 165) de- 
scribe the zonations on the rocky shores of a given locality. Some 
contributions refer to relatively small areas, whereas others are 
concerned with considerable stretches of coastline. In the former 
category Williams (157) describes the algal communities at Cape 
Lookout in North Carolina; Southward, those in the south of the 
Isle of Man (124); Evans, some near Plymouth (48) and in 
South Pembrokeshire (49); Blackler (11), the major communi- 
ties of sheltered and exposed shores of Loch Foyle; and Dizerbo 
(41), the communities on the shores of Ouessant. The contribu- 
tions of the Stephensons (129, 130), describing the marine com- 
munities for the shores of northern Florida, the Carolinas, Nova 
Scotia and Prince Edward Island, belong to a series that has been 
appearing for many years. Hartog (73) has described the algal 
communities of the Dutch coast and grouped them into seven for- 
mations, each formation being characterised by the dominance of a 
certain life-form. The seven particular life-forms are represented 
by Hildenbrandtia, Prasiola, Bangia, Enteromorpha, Cladophora, 
Fucus and Laminaria. These formations, together with the basis 
for their establishment, represent a departure from normal ecologi- 
cal practice in phycology for which there seems no justification. 
A rather smaller section of the Dutch coastline has been described 
by Koster (88). In Great Britain Lewis has described the algal 
ecology of the rocky shores around Anglesea (94) and also that 
of the exposed rocky shores of Caithness (95), whilst Gibb (58) 
has surveyed the commoner fucoid algae of Scottish shores. The 
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marine algae of two small islands off the Pembrokeshire coast of 
Gt. Britain have been reported on by Gillham (165). In Scandi- 
navia Waern (146) has given us a full account of the rocky shore 
algae of the Gregrund Archipelago in Sweden. 

Some of the above studies have paid particular attention to sea- 
sonal alternations in the floras. Thus, Williams (156) has shown 
that at Cape Lookout in North Carolina the summer flora is pre- 
dominantly tropical (rather better described as warm-temperate) 
West Atlantic, whilst the winter flora is essentially boreal or cold 
temperate. The overall flora is therefore very mixed, though this 
could be expected with a sea temperature range of 18° C., since on 
the 10° C. stenothermal limit for zones or floras proposed by 
Setchell (119) and endorsed by the Stephensons (126) this tem- 
perature range would cover two zones or floras. The Stephensons 
(129) have shown that in northern Florida and in much of the 
Carolinas the flora and fauna are essentially warm temperate and 
equivalent to the warm temperate flora of the Texan Gulf coast, 
the two regions being separated by the tropical region of southern 
Florida and its cays. The same two workers (130) regard the 
flora of Nova Scotia and Prince Edward Island as cold temperate, 
but, since some of the populations are affected by ice, one would 
suspect that there must be a distinct sub-arctic element present. 
They regard the transition to the adjacent southern region as tak- 
ing place around Cape Cod, but arguments could surely be pro- 
duced for placing it farther south. 

Three contributions from Europe (54, 93, 145) are a direct re- 
sult of the two last International Botanical Congresses held re- 
spectively in Stockholm and Paris, since they provide accounts of 
areas visited by algologists during the Congresses. Since the last 
review the increased use of aqua-lungs has encouraged biologists to 
commence detailed studies of the sublittoral (47, 56, 78, 97). In 
the English Channel the vegetation thins out around 25 m. depth 
but descends to 45 m. if the water is clear. The next decade should 
see a considerable increase in this type of study, which at present 
is more popular as a sport and among zoologists ir the warm water 
regions of the world. Studies of this nature will do much to throw 
light upon the real nature of the sub-littoral fringe and any sub- 
littoral zonations that may exist. 

Dizerbo (38, 39, 40) has carried out studies of several river es- 
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tuaries in Europe and has found that the flora is generally poor. 
The paucity of the flora is associated not only with the gradual de- 
crease in salinity but also with the nature of the substrate and the 
amount of mud carried in the water. Reference (38) is made to 


Rhodoph R 
ciaviedasail (G) in any given area. This 


ratio is close to unity in arctic regions and increases steadily with 
increasing temperature to 4 in the Tropics. Near L’Abe in France 
the ratio is about 2.0. Whilst this ratio may be a useful indicator 
of floristic changes, an examination of the situation in the Ant- 
arctic yields a different result. An analysis of the floras from 
Dunedin (107) in the very south of New Zealand, the Hauraki 
Gulf (36) and the Bay of Islands (unpub.) in the north of New 
Zealand, gives ratios, respectively, of 2.5, 2.4 and 2.6. The Dune- 
din flora is definitely cold temperate, and the Russell flora warm 
temperate, so that one might well expect a greater difference if the 
ratio does vary with latitude. Brackish water communities have 
also been described by Kornas and Medwecka-Kornas (87). On 
the Atlantic coast of Spain the inter-tidal species and communities 
have been described by Fischer-Piette (55). In this contribution 
the environmental conditions are compared specifically with those 
in the English Channel. The flora has distinct Mediterranean af- 
finities, as might be anticipated. 

Attention has inevitably been given to a consideration of the 
factors controlling zonation (94, 95, 124). Lewis (94), however, 
does consider that the number and position of critical levels can 
vary with changes in the environmental conditions. This view is 
in agreement with some of the conclusions reached by Doty and 
Archer (45). The splash zone is a well-recognized feature of the 
shore, and Southward (124) has suggested that it be sub-divided 
into a wash zone, splash zone and spray zone. The first of these 
reaches its maximum elevation at high water of spring tides but 
it can also be increased by strong winds. Heavy surf may not 
only elevate the upper algal zones but can also affect the position 
of the mid-littoral algae and the sub-littoral fringe, especially on 
an exposed coast with suitably sloping rocks (94, 95). 

Two important biogeographical papers are devoted, respectively, 
to the benthic flora of the Arctic (139) and of the eastern Oceanic 
islands of the Atlantic (50). In the former it is pointed out that 
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the flora shows a remarkable uniformity, the perennial members 
of which must be adjusted to long periods of darkness. There is 
a rich inter-tidal rockweed flora, heavy kelp beds and a marked 
development of species of Lithoderma. Despite this, or perhaps 
because of the nature of the area, there are very few endemic 
species. One somewhat surprising feature is the apparent ab- 
sence of any significant interchange with the Pacific Ocean. 

The eastern oceanic islands of the Atlantic fall into two major 
groups: those belonging to the subtropical zone (Azores, Madeira, 
Canary Is.) and those belonging to the tropics (Cape Verde Is.). 
Endemism is not pronounced, except in the Canary and Cape 
Verde Islands, where it may be more apparent than real because 
of a lack of systematic knowledge of the adjacent continental 
shores. The Cape Verde Islands flora is interesting because it 
possesses some distinct austral species. The interest in this area 
has been enhanced by a recent contribution from Senegal (123) 
which fills a big gap in our knowledge, especially since informa- 
tion is now available from the Cameroons (91). Souri (123) 
confirms that the zones of Fucus and Laminaria are not found 
south of southern Morocco. The type of community on this sub- 
tropical coastline is often determined by the degree of insolation 
or shade. 

Other ecological papers from the European region comprise a 
brief study of Porphyra leucosticta along the Dutch coast (72), 
the species being regarded as one of the dominants in a Mono- 
strometo-Porphyretum leucostictae. Burrows and Lodge (15) 
have also given a description of the inter-relationships between 
Patella, Balanus and Fucus. 


NORTH PACIFIC 


This region, despite the richness of its algal flora, still remains a 
very profitable area for investigation, and much more work remains 
to be carried out before an adequte picture can be obtained. Rigg 
and Miller (114) have described plant and animal zonations in the 
vicinity of Neah Bay, Washington. Unfortunately they introduce 
a new set of names for the major zones (splash, upper inter-tidal, 
lower inter-tidal, demersal) at a time when marine ecologists are 
gradually adopting the Stephenson terminology. The four lowest 
communities are dominated wholly by large kelps (Alaria, Les- 
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soniopsis, Laminaria, Nereocystis), and it is only in the upper 
communities (Ralfsia—Prasiola, Endocladia—Gigartina, Postelsia, 
Halosaccion) that marine invertebrates become conspicuous. The 
organisms of the upper littoral are regarded as having their opti- 
mum vertical range determined by a variety of factors. 

Dawson has published four studies (28-31) concerning the 
vegetation associated with several cold upwellings along the coast 
of Baja California. Because of these cold waters, a number of 
temperate species (Macrocystis, complanate Gigartina species) 
occur in isolated areas far south of their expected latitudinal range. 
Such studies serve to emphasise the importance of hydrography in 
understanding relatively local floristic changes. Doty and New- 
house (46), in a study of estuarine waters, give an interesting ac- 
count showing how various species gradually disappear with dis- 
tance from the sea. 

On the Japanese coast of the Pacific, studies have been made at 
Fukuyoshi (117), Shima-Matoya Bay (168) and Goto (142). The 
common zonation in the first, and typical of the region, is an up- 
permost belt of Gloiopeltis, then a zone of M yelophycus and Ishige 
spp. followed by a belt of Sargassum thunbergii and Hijikia fusi- 
forme. At Goto the zonation was studied at the mouth of the river 
where Porphyra tenera and Monostroma latissimum were asso- 
ciated with Gloiopeltis. The other two zones were not present, 
and in their place was an Enteromorpha community and a commu- 
nity of Ulva pertusa and Gracilaria confervoides. 

Interest has also been directed to the tropical islands (137, 163, 
164) where there are similarities in the floras as between groups. 
In the Marshall Islands the algal flora shows a similarity with the 
algal floras of Malaya and Polynesia. 


SOUTH PACIFIC 


This is a region in which there has been intense activity during 
the last decade. Most of the work stems from Australia, Tas- 
mania and New Zealand, and there appears to have been no further 
elaboration of the earlier studies on South American algal ecology 
beyond a single general contribution by Skottsberg (120). 

In Australia Womersley (159, 160, 170) has given a very full 
account of the algal vegetation of Kangaroo Island near Adelaide. 
Eleven associations are recognized from exposed localities, five 
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from sheltered localities and seven from mud or sandy mud areas. 
In the one region the reef is mostly covered with a Cystophora 
complex and a Hormosira association which is widespread in the 
colder water of the south Pacific. In his last contribution (170) 
the level of the zones is related to the tidal means of the area. 

The shores of New South Wales were studied in some detail by 
Dakin, Bennett and Pope (26), though mainly from a zoological 
aspect. A number of well-marked belts were recognized, e.g., Lit- 
torinid (Melaraphe), Barnacle, Galeolaria, Pyura and kelp, in 
order from the supra-littoral downward. The same basic zones 
have been described from the Victorian coast (8), though the asso- 
ciated species may differ. An analysis of the tidal factor along 
this coast suggested that critical levels occur at the upper limits of 
Sarcophycus, Pyura, Galeolaria and Mytilus. 

A whole series of papers from Tasmania (25, 60-66, 68, 69) en- 
ables one to form a clear picture of the algal ecology in a variety 
of habitats, and also to make comparisons with the neighbouring 
Australian and New Zealand shores. Compared with shores of 
the northern hemisphere, there is a remarkable algal bareness in 
the littoral zone. It has been suggested (108) that this may be due 
to insolation, temperature or desiccation, but it is evident that 
some other factor (25) is responsible. One possibility is that 
there is a lack of suitable algal species possessing a metabolism that 
enables them to survive the periods of exposure. In the northern 
hemisphere the predominant algae are fucoids. The predominant 
fucoids of the southern hemisphere are all species that require total, 
or almost total, submergence, e.g., Carpophyllum, Cystophora, Car- 
poglossum, Marginariella, Landsburgia, Xiphophora and Seiro- 
coccus. 

The distribution of the large brown algae reflects exposure to 
wave action. Sarcophycus (Durvillea in New Zealand) is found 
in the most exposed situations, and Ecklonia, Hormosira and Cys- 
tophora are the dominants in the most sheltered localities. Phyl- 
lospora becomes associated with Sarcophycus as exposure de- 
creases, and then with still more shelter Lessonia appears. Com- 
munities dominated by Xiphophora can tolerate more exposure 
than Ecklonia or Hormosira. 

It is evident that whilst visits over a single season may enable 
one to give a description of the communities and zonation in any 
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one area, nevertheless there may be subsequent changes that cause 
an alteration in the basic zonation and the composition of the com- 
munities (66). These changes are probably associated with the 
factors that control colonization by some of the dominant anix ‘als, 
ie., sunshine, wave exposure and spatfall in relation to the critical 
months (68). 

The general zonation in Tasmania shows affinities to that of both 
Australia and New Zealand. Melaraphe, a littorinid, dominates 
the supralittoral fringe, whilst five species of barnacle occur in the 
mid-littoral but are not so abundant as on New South Wales or 
New Zealand shores. The Galeolaria belt finds its equivalent in 
Australia and corresponds to the Hermella-V ermicularia commu- 
nity in New Zealand. A patelloid belt is found on exposed coasts, 
but the oyster belt, so characteristic of New Zealand, is lacking. 
There is a mussel zone on semi-exposed shores, and the sublittoral 
fringe is dominated by large brown algae, the actual species de- 
pending upon exposure. Guiler (65) considers that, ecologically, 


Tasmania shows more affinity with New Zealand or Chile than 
with South Australia, the fauna and flora being essentially that of 


cold waters (see table 1). 


TABLE I 








Tasmania New Zealand 


Victoria 


S. W. Africa 


Chile 





Supra- 
littoral 
fringe 


Littorinids 


Littorinids 


Littorinids 


Littorinids 


Littorinids 





Mid- 
littoral 


Chamae- 
sipho- 
Chthalamus 


Galeolaria 


Corailines 


Chamae- 
sipho- 
Chthalamus 
Hermella, 


Saxostrea 
or Serpulid 


Corallines, 
Hormosira 


Chamae- 
sipho- 
Chthalamus 


Algae or 
Galeolaria 


Pyura 


Balanus 


Pomato- 
ceros 


Corallines 


Chamae- 
sipho- 
Balanus 


Serpulids 


Corallines 





Sub- 
littoral 
fringe 


Lessonia, 
Xiphophora 
or Sar- 
cophycus 


Ecklonia, 
Carpophyl- 
lum, Les- 
sonia or 
Durvillea 


Sarcoph- 
ycus 


Laminaria 


Lessonia, 
Durvillea 
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In New Zealand the principal investigations have centred 
around Auckland and Christchurch. In nearly all of them (10, 
16, 20, 34, 36, 85, 86), attempts have been made to establish the 
critical levels on the various shores, and, whilst there is substantial 
agreements, they are by no means always identical. The least 
critical level appears to be mean sea level. In the Chatham Is- 
lands, which lie on the subtropical convergence, there is a mixture 
of cold and warm water species. The basic ecological pattern is 
southern cold temperate but warm temperate features are super- 
imposed (86). The same pattern is also true for the Cook Strait 
region. One important contribution (36) surveys the algal ecol- 
ogy of the Hauraki Gulf with descriptions of zonations from 34 
stations. The most important aspect of this study, however, lies 
in its biogeographical implications. 

The intensive work initiated by T. A. and A. Stephenson at 
Cape Town has continued. The algal ecology of the south coast 
has been studied (75), and Day and his co-workers (32, 33, 116) 
have commenced a general study of estuarine conditions in South 
Africa. As this proceeds it will undoubtedly form a valuable ad- 
dition to our knowledge of a sadly neglected environment. Across 
the Indian Ocean two contributions (89, 125) have appeared from 
India. Near Madras four zones are recognized on the shore (125). 
These are characteristic of tropical shores in the type of algae, but 
the dominant genera (Chaetomorpha, Enteromorpha, Ectocarpus) 
are not those that normally predominate in other tropical areas. 
This, however, may possibly be due to lack of intensive work in 
the tropics. India possesses a monsoonal, and therefore seasonal, 
climate, and this is probably responsible for the seasonal succession 
that has been described (125). 


CARIBBEAN REGION 


At the time of the last review (18) this area had been but little 
studied. It has been the subject of somewhat more activity in the 
last ten years (9, 77, 128, 131, 138, 169), and the present author 
has made further observations in Jamaica (unpub.). The Carib- 
bean is often regarded as having relatively uniform conditions, but, 
despite this, considerable seasonal changes are recorded from Ber- 
muda (9), and the present author has noted them in Jamaica. 
Thus a Thalassia cove shows a spring increase of brown algae with 
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a growth of calcareous siphonaceous Chlorophyceae which rise to 
dominance in late summer. On rocky shores in Bermuda (131) 
brown algae dominate the summer aspect, Myxophyceae the late 
summer. A study of the Florida Keys (128) revealed the exist- 
ence of a definite zonation comparable to that already described for 
the Jamaican Keys (17). The number of zones are few but very 
distinct and are dominated by turf-like algal species. The com- 
munities particularly associated with shallow waters have been de- 
scribed from one key (169). 


MEDITERRANEAN 


This area continues to attract attention, though most of the re- 
cent work has been concerned with the African shores of this in- 
land sea. In the eastern region the ecology of shores near Alexan- 
dria (106) has been described. There is a wider range of sea 
temperature than might be expected, and consequently the flora 
possesses both tropical and boreal elements. In the region of the 
Nile the decreased salinity and suspended mud bring about a re- 
duction in the flora. The principal formation is that of the rocky 
shores with six associations, but there is also a shelly sand forma- 
tion, dominated by Dilophus and Acetabularia, and a muddy sand 
formation, dominated by marine phanerogams and Caulerpa. Cla- 
dophora pellucida, Udotea petiolata, U. minima, Rhodophyllis and 
Botryocladia are all listed as shade algae. Another contribution 
(102) describes the algal ecology of the Tunisian coast, whilst Dan- 
geard (27) has reported on the vegetation of the shores on the west 
coast of Morocco just outside the Mediterranean. This area rather 
strangely lacks species of Caulerpa, Liagora and Galaxaura found 
in the off-shore Canary Isles, but it does contain a number of 
species of temperate genera, e.g., Saccorhiza, Cystoseira, Gelidium, 
Gymnogongrus and Bifurcaria, which are absent from the Canary 
Isles. Overall surveys of the North African coast have been made 
by Feldmann (52, 53) who points out that in the past the area has 
been regarded as a single biogeographic unit. Now that we are 
obtaining a more accurate knowledge of individual portions of the 
coast, it is clear that the region is by no means uniform. The Al- 
gerian flora is characterized by Atlantic species, whilst in the Tuni- 
sian flora there are distinctive eastern species which increase in 
number eastwards. 
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An account of the algal flora and ecology of the shores of Cor- 
sica (59) reveals that there is a similarity with earlier and recent 
accounts of adjacent shores (74, 111). A comparison (57) of 
the present vegetation of Naples with that given in earlier accounts 
shows that the Fucaceae, the corallines and some Chlorophyceae 
are constant components of the vegetation. In the littoral region 
a number of algal species have decreased in frequency, but the sub- 
littoral vegetation of medium and greater depths has remained 
constant since 1927. 

A very interesting study has been made of several developmen- 
tal cycles found on solid substrates. In particular descriptions 
have been given of cycles for Tenarea, Posidonia and coralline 
algae (101). The various algal belts can also be compared with 
belts in the adjacent Atlantic, tropical Atlantic and the Australian 
subantarctic where there are common genera such as Melaraphe 
(Littorinid) and Posidonia. Tenarea is regarded as occupying 
an ecological niche equivalent to Galeolaria (spp.). 


ROCK POOLS, CAVES, SALT MARSHES AND PLANKTON 
There is still scope for much further work on the algal ecology 


of rock pools. An account has been given of the vegetation and 
factors affecting it in some pools near Auckland, New Zealand (4). 
It was apparent that shading by overhanging rocks can be an im- 
portant feature, whilst the presence of large brown algae in- 
hibits water circulation and promotes temperature layering. The 
algal vegetation primarily determines the oxygen concentration 
and pH (4, 144). A rather similar study of some pools has been 
made in Japan (144) which has confirmed and extended earlier 
conclusions. It was considered that the pools could be classed 
into three groups with low, medium and high average values for 
temperature, chloride, oxygen and pH. This grouping, however, 
could not be accepted without much more work from a variety of 
regions. It does seem that the composition of the fauna and flora 
is chiefly determined by pool size, depth, slope of wall, silt deposi- 
tion and height of pool on the foreshore. This confirms earlier 
results (18). On the whole the flora tends to be stable and per- 
sistent from year to year, though this is probably more apparent 
than real. In each site in a pool there is probably a cyclical pat- 
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tern as plants die and are replaced by other species. The overall 
picture, however, remains the same, 

A study of the vegetation of a large couloir, which can be re- 
garded as a transition to a true cave, showed that the algal vege- 
tation is poor, as compared with adjacent exposed rocks, because 
of decreased light and extreme wave action (42). A study of 
some New Zealand caves led the authors (37) to the view that 
indirect daylight is a more impcrtant causal factor in determining 
cave vegetation than sunlight. The algal species of caves can 
probably be divided into light and shade species. 

A contribution (2) dealing with the distribution and ecology of 
littoral marine diatoms represents an advance into what is virtu- 
ally a new field. The different communities recognized appear to 
depend on the nature of the substrate. Thus the communities on 
concrete piles differ from those in pools or on rocky reefs, and 
these last in turn depend upon the geological nature of the rock. 

The algal vegetation of salt marshes has received but little fur- 
ther study. New species of Vaucheria have been described from 
New England salt marshes (12). The algal vegetation of salt 
marsh and mangrove swamps has been studied at Auckland (21a, 
24). One interesting community in the mangrove swamps is domi- 
nated by a free-living form of Gracilaria secundata, though the 
plants may start life attached to shells. Six algal communties 
have been described from a so-called salt marsh at Madras (89). 
Two of these communities are unaffected by salinity changes 
whereas the remainder are. Algal communities on salt marshes 
generally have been summarized by the present author (21). Sev- 
eral of the communities appear to be very widespread, e.g., Bos- 
trychia—Catenella, Enteromorpha minima, Myxophycean commu- 
nity and Chlorophycean community, and there is not the regional 
variation exhibited for other habitats. This would suggest a greater 
uniformity in the environmental conditions, or else that the con- 
ditions are generally so specialized that only certain widely-distrib- 
uted algae can tolerate them. 

Literature on the marine plankton has shown no signs of diminu- 
tion. The ecology of blooms in bays of Long Island (New York) 
have been described (115) ; also the spring phytoplankton of Oslo 
Fjord (158). The low proportion of phytoplankton in the trop- 
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ical waters near Miami is probably due to high grazing by the zoo- 
plankton (121). In the Mediterranean the summer plankton 
shows an abundance of Dinophyceae near the surface with diatoms 
and coccoliths more abundant at lower depths (92). Dinoflagel- 
lates also play a major part in the phytoplankton off the Iberian 
peninsula, the majority being of tropical affinities (99). This pro- 
fusion of diatoms in warmer waters has also been observed in Aus- 
tralia (162), though it is pointed out here that they are not so 
important, so far as productivity is concerned, as the dinoflagel- 
lates and Myxophyceae. The distribution of the dinoflagellates in 
Australian waters conforms to the biogeographical provinces rec- 
ognized as a result of littoral studies. As in the previous review 
(18), it is considered that the plankton studies are sufficiently 
numerous to justify a separate treatment. 


ENVIRONMENTAL FACTORS 


As in the past, much attention has been paid to this aspect of 
algal ecology. In many contributions there has been a reiteration 
of the list of factors put forward by earlier workers, but at present 
conclusions rest far too frequently upon pure observation unsup- 
ported by experimentation. It is clear that final answers to the 
problem of control of vertical algal distribution will be obtained 
only by experimental methods. Knox (85) is among those who 
have reiterated the list of causal factors, but he has also pointed 
out that when the algal zones at Auckland and Christchurch (New 
Zealand) are compared, the zones are broader at the latter place 
and the respective upper limits are elevated. This elevation of the 
upper limits with increasing latitude and colder temperatures must 
now be regarded as a general phenomenon. A similar elevation, 
attributable to increased exposure, has been recorded from Fair 
Isle, between the Shetland and Orkney Isles (14), and has also 
been discussed generally for the British Isles (23). 

In the south Pacific Moore (105) has shown that the distribu- 
tion of certain genera in the Sphacelariales, particularly Halop- 
teris, appears to be determined by winter sea surface temperatures 
of 54-56° F. and a summer maximum of 64° F. The relationship 
of intertidal zonation in tropical West Africa to ocean currents 
has been briefly discussed by Lawson (90). 

In recent years an increasing amount of work is being published 
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in Japan (80, 132-136) on the influence of various factors on the 
growth of sporelings. Experimental work of this nature will be 
very useful in helping towards an understanding of the occurrence 
of species, and it should be possible to deduce whether any primary 
effect on sporeling distribution is the sole factor determining the 
limits of the zones. Arasaki (5) has shown that sporeling growth 
in green algae is greatly retarded under decreased light, whilst 
that of red and brown algae tends to be increased. Monostroma 
sporelings are apparently an exception. Sporelings of green algae 
grew more rapidly under yellow, red or blue light than under 
green light. Day length was also studied. Enteromorpha spore- 
lings grew better under long-day conditions, whereas those of 
Monostroma grew best under medium day at first but later re- 
sponded to short-day conditions. This is a field that should repay 
further study, especially in relation to well-known sun and shade 
algae. Much attention has also been paid to the shedding and 
propagation of spores of Gelidiaceous algae because of their eco- 
nomic importance (81). 

A general outline of the physical, chemical, dynamic (wave ac- 
tion and emersion) and biological factors has been given by Feld- 
mann (51). It is evident that at the present time attention needs 
to be paid to the relationship between depth and the metabolic 
processes of respiration and photosynthesis. Thus it has been 
suggested, though without any experimental evidence (160), that 
there is no difference between the distribution of Chlorophyceae 
and of Phaeophyceae in relation to light intensity, and that it is 
only the Rhodophyceae which are so affected and therefore occur 
in greater abundance in the deeper waters. A recent study by 
Trevarthen (141) on Hormosira banksii has shown how impor- 
tant this relationship can be. 

Normally photosynthesis is in excess of respiration, but at cer- 
tain temperatures there will be a depth of water at which the two 
processes will be equal. This depth represents the compensation 
point. Whilst it may be determined for any given set of condi- 
tions, a real understanding for a species can not be obtained until 
the compensation point has been obtained for different conditions, 
such as Trevarthen (141) has done for Hormosira (Figs. 1 and 2). 
For each species it is necessary to determine the level at which 
the periods below the compensation point just exceed those above. 
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This level will then form the effective lower limit for the alga. 
It is likely that the majority of species occupying the lower lit- 
toral and the lower levels of the sublittoral are determined by this 
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Fic. 1. Generalized diagram showing relative respiration and photosyn- 
thetic rates for a massive mid-littoral alga, such as Hormosira banksii, dur- 
ing submerged and emergent phases at three levels on the shore. A-=near 
upper limit, desiccation moderate; B=near upper limit, desiccation severe; 
Cz=near lower limit on shore; Full black=respiration rate; Intact line = 
photosynthetic rate for optimal light conditions. (After Trevarthen). 
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Fic. 2. Difference in assimilation rate with depth for Homosira banksii 
when submerged at 15° and 20° C. The increase in temperature results in 
an elevation of the compensation point. (After Trevarthen). 
phenomenon, but at present far too little work has been done 
upon it. 

Doty and Archer (45), in a critical study of the tidal factor, 
have stressed that the algae possess a physiology that leads them 
to be sharply restricted in vertical range by virtue of their response 
to tidal exposures. These tidal exposures represent the primary 
factor that controls more or less abrupt changes in secondary fac- 
tors which actually exert the physiological effect. Attention now 
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needs to be directed to working out the combination of causal fac- 
tors controlling each individual species. 


AUTECOLOGY AND RECOLONIZATION 


The great development of synecological studies has now encour- 
aged marine ecologists to turn their attention to autecological as- 
pects. In Great Britain an autecological study of Fucus serratus 
and F, vesiculosus from three stations (84) has shown that the 
bathymetric levels do not coincide, the difference between any two 
stations being as much as two feet. With increasing latitude F. 
serratus emerges higher onto the shore. In the same species varia- 
tions in growth rate are correlated with the degree of shelter from 
wave action. In both species the mortality rate of sporelings up 
to three centimeters long is very high and is primarily caused by 
limpets. It would seem likely, therefore, that these animals may 
determine the width of a zone in any one locality. Further work 
on the biology and ecology of species of Fucus on the North Sea 
coast has been presented by Bauch (7), whilst Burrows (13) has 
studied the culture and growth of Fucus hybrids in relation to eco- 
logical problems. Fucus inflatus has been known to exist in a va- 
riety of forms, and a recent contribution (112) has assisted in 
sorting out their ecology and taxonomic status. 

Another of the brown rockweeds, Ascophylium nodosum, has 
also been studied by means of statistical analysis (6). This spe- 
cies is less dense on stony than on rocky shores and occurs inde- 
pendently of species of Fucus. Ascophyllum, Fucus vesiculosus, 
F. serratus and Codium are all over-dispersed on the shore, but 
there is a positive correlation between the occurrence of Codium 
and that of F. vesiculosus, and a negative correlation between the 
two species of Fucus. The application of statistics to sampling in 
algal ecology represents a new departure, but the results obtained 
in this study suggest that its further application would be fully 
justified. 

The oarweed, Laminaria saccharina, has also been studied in 
detail (110). In this species bathymetric zone and habitat control 
fertility and longevity of gametophyte and hence the production of 
the sporophyte. The longevity of the sporophyte depends on sea- 
son of germination, depth and habitat, spring germinating sporo- 
phytes subsequently being most successful. Growth is at a maxi- 
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mum between January and June, and the plants, which generally 
exist for three years, reach maturity when eight to twelve months 
old. For sori to develop the distal tissue must be at least six 
months old. In a population the percentage of fertile plants de- 
pends on the season and proportion of the different age groups. 

Outside of Europe Bifurcaria brassicaeformis has been studied 
in South Africa (76) and Hijikia fusiforme in Japan (80). In 
the latter alga the factors of the environment have been listed and 
also the relative productivity between Hijikia and Sargassum 
thunbergii. The former study is largely concerned with the oc- 
currence and habitat of the species, in comparison with that of 
other species of Fucaceae which possess oogonia that become sec- 
ondarily attached. 

The economic importance of algae in Japan has resulted in at- 
tention being paid to the early attachment of a number of species 
of economic importance. Up to the present most of the work has 
centered around the shedding and fixation of spores. In Porphyra 
tenera monospores and carpospores are shed on the rising tide. 
The former become fixed to the substrate within one minute, but 
the latter have no quick fixing ability and therefore probably rest 
in the sea from spring to autumn (134). Tetraspores of Gelidium 
are shed when the sea temperature rises above 20° C., carpospores 
when it rises above 24° C. Both spores fix after ten or more min- 
utes (132). The ova of Hijikia fusiforme are shed at 7- or 8-day 
intervals from May through July at flood tide. It is believed that 
the sporelings become attached within 24 hours (135). Gloiopeltis 
has a daily shedding period, whereas Monostroma has a period 
of 14 or 15 days. The zygotes of Monostroma do not become 
fixed during the first four hours (133). The present writer is of 
the opinion that the mechanical process of settling and attachment 
of the zygotes will, in a number of species, prove to be the major 
factor determining the occurrence of the plants, in particular 
whether they occur on vertical rock faces, steeply shelving ones 
or flat rocks. This certainly seems to be important in respect to 
Hormosira banksii around New Zealand shores. 

Another type of study has shown that in Porphyra tenera there 
is a definite correlation between maximum growth of the plant, 
atmospheric temperature in December and rainfall in March (70). 
In Porphyra the carpospores develop into a dwarf plant known as 
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the “ conchocelis phase”. These plants grow on shells of molluscs 
and reproduce by monospores. The shedding of these spores from 
cultured “conchocelis phase” on oyster shells has been described 
by several Japanese workers (166, 167, 171). 

A detailed study by Trevarthen (141) of Hormosira banksii has 
shown that the geographical spread of this species northwards is 
probably limited by high sea temperature and desiccation during 
exposure, the southward spread by biotic competition and low air 
temperatures. The species exhibits considerable variations of 
form, which are essentially of ecological instead of taxonomic value. 
Thus plants from the top of the Hormosira belt are larger and 
more richly branched with rounder and more thinly walled blad- 
ders. Pool forms vary, depending on latitude, height of pool on 
the shore and degree of submergence. There is also a loose-lying 
form, ecad libera, comparable to the free-living fucoids of the 
northern hemisphere. There is a difference between plants of ex- 
posed (small, reduced and with almost solid bladders) and shel- 
tered coasts and similarly a difference between plants depending 
on latitude. It is considered that the distended bladders of high 
level plants is caused by internal gas accumulation as a result of 
excessive photosynthesis. From New Zealand too has come a 
study of the ecology of the various local species of Codiwm (35). 

Further studies on recolonization of bare rock surfaces (98, 
124) has shown that in Atlantic waters the sequence conforms to 
that already described, i.e., diatoms —- Chlorophyceae — barnacles - 
Fuci. On the Pacific coast of America the sequence is indepen- 
dent of the seasons (109), and species with motile spores recol- 
onize more rapidly than those with immotile. Five groups of algal 
colonists are distinguished : 

a) Annuals, which colonize any surface within three months at 

any time of the year. 

b) Annuals, which recolonize only at a particular season. 

c) Perennials, which establish themselves within a few months. 

d) Perennials, which require longer to establish. 

e) Casuals. 

In the western Pacific on the shores of Japan (82, 83) recoloni- 
zation has initially produced an indistinct zoning because some of 
the upper species now occupy lower levels. At lower levels crus- 
taceous and cushion-like algae predominate instead of Corallina 
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pilulifera, but it is believed that at all levels the zonation will grad- 
ually revert to the normal. In Tasmania (67) the initial diatom 
flora is succeeded by animals, but there may be a seasonal regrowth 
of Porphyra columbina, Scytosiphon lomentarius and Ulva lactuca. 
The areas used in this particular study appeared to be rather small, 
and the recolonization process may therefore have been affected 
by this fact. 


SUBLITTORAL SURVEYS 


The last war, like the 1914 war, was responsible for renewed 
interest in large brown algae for commercial purposes. Surveys 
were undertaken in Great Britain by the present writer (19) 
in an effort to obtain a quick and reasonably accurate picture of 
the distribution of the major supplies and the amount available. 
Enthusiasm often led some persons to believe in excessive amounts, 
and in the war-time survey care was taken not to over-estimate but 
rather to err on the side of caution. After the war more detailed 
surveys were undertaken by the Scottish Seaweed Research Asso- 
ciation, and in general these later surveys confirmed the results of 
the war-time survey, and placed them on a more accurate basis. 
In the later surveys the Orkney Islands have been especially con- 
sidered (148) and the Scottish Coast from Dunbar to Fast Castle 
(149). From time to time summaries of the results have been pub- 
lished (150, 152, 154), whilst a special account of the occurrence 
of Laminaria cloustoni (L. hyperborea) was published in 1953 
(155). In all species of oarweed studied it was found that density 
(fresh weight per unit area) was proportional to the percentage 
cover (as might possibly be expected) and that it decreased expo- 
nentially with depth (151). The proportions of the different spe- 
cies in the submerged beds vary with depth and locality. A study 
of a single area over a series of years suggests that there may be 
considerable variations in the annual crop (153). A similar sur- 
vey in Nova Scotia provided estimates for both rockweed and the 
Laminaria beds (98). 


GEOGRAPHICAL DISTRIBUTION 


The major contributions in this field have been concerned pri- 
marily with the relationships between floras and with various 
floral and faunal provinces. In the Mediterranean some biogeo- 
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graphical relationships have already been indicated. Aleem (1) 
has recorded the occurrence of species in the eastern Mediterra- 
nean which probably migrated from the Indian Ocean via the Suez 
Canal. In particular the continuous distribution of Caulerpa race- 
mosa and Soliera dura is established. The general flora of the 
Mediterranean can be regarded as comprising the following ele- 
ments: Cosmopolitan, endemic, palaeo-tropical derived from the 
original flora of the ancient Tethys Sea, boreal Atlantic-Mediter- 
ranean and subtropical Atlantic-Mediterranean (53). 

In the Pacific Rhipilia and Porolithon are abundant in atoll areas, 
but Sargassum is not abundant where there is active reef forma- 
tion. The question has been raised as to whether the atolls may 
not be a separate biotic province (44), but until more information 
is available it is not possible to comment on this suggestion. 

Much of the work on biogeographic provinces has been coloured 
by the important contribution of Stephenson (126) on the prov- 
inces of South Africa and their relationship to other floras and 
faunas in the southern hemisphere. 

Since then attention has been directed to the geographical rela- 
tionships of floras in the northern hemisphere, and here, too, there 
have been several contributions by T. A. and A. Stephenson (128- 
131) as well as one by Williams (156). 

In his account of the geographical relationships of the Southern 
Seas (126), Stephenson indicated that further work was necessary 
from Australia and New Zealand. These gaps have now largely 
been filled (8, 36, 100, 104). The floral and faunal provinces of 
Australia have been examined in some detail (8), as also those of 
New Zealand (36, 104). Bennett and Pope (8) have pointed out 
that Stephenson’s winter sea temperature of 10° C., as forming 
the boundary between warm and cool temperate floras, may require 
raising because the Victorian flora is cool temperate and the aver- 
age winter temperature is 11.8° C. A similar situation has been 
recorded from the Hauraki Gulf in New Zealand (36). 

In New Zealand the warm temperate fauna and flora of the 
northern Auckland or Aupourian province (104) is clearly allied 
to, if not similar with, the warm temperate fauna and flora of 
New South Wales, whilst it has a more distant relationship to the 
warm temperate flora of Victoria and South Australia. Similarly 
the cold temperate flora of the central province in New Zealand has 
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its affinities with the cold temperate flora of Tasmania (66) and 
Bass Strait. The flora of the Hauraki Gulf is not very rich, and in 
this respect there is a similarity with the flora of North Carolina 
(129) which is also warm temperate. It remains to be seen 
whether a paucity of organisms is a feature of warm temperate 
shores. 

NOMENCLATURE 


In the previous review (18) a plea was made for the establish- 
ment of uniformity in algal ecology. The intensive work by the 
Stephensons over the last 20 years, including a statement of what 
they regard as the universal features of zonation between tide 
marks (127), has done much to establish the desired uniformity. 
Many algal ecologists now follow the Stephenson nomenclature, 
and it is to be hoped that it will be increasingly adopted. In es- 
sence the intertidal belt is separated into three major zones. At 
the top is the supralittoral fringe, the upper limit of which is 
equivalent to the upper limit of Littorinids. Below this, the line of 
demarkation being the upper limit of the barnacles, is the mid- 
littoral. The lowest zone is the infra-littoral fringe, probably bet- 
ter known as the sublittoral fringe (22), which extends down to 
extreme low water mark of spring tides, the upper limit being de- 
termined by the upper limit of the Laminariaceae or their equivalent. 

Whilst many workers of recent years have followed the above 
classification, it has not been free from criticism. Womersley and 
Edmonds doubted its applicability to Australian shores (161) and 
considered that the sublittoral fringe concept is valid only in lo- 
calities where there is a true fringing zone of algae or animals. 
Other workers (22) in the Australian region are satisfied that 
Stephenson’s classification can well be applied to their shores. 
Seschappa (118) has suggested a modification of the Stephenson 
zones and recognises (a) the Littorina belt, (b)} upper algal belt, 
(c) barnacle belt, (d) lower algal. There seems, however, little 
justification for this amendment, and it would certainly be unwise 
to make changes based upon the study of one or two areas of coast- 
line. The chief merit of the Stephenson nomenclature is that its 
authors based it upon wide experience in a great variety of coast- 
lines in different parts of the world. 

Whilst the principal belts can be readily recognized, detailed 
study has shown that the barnacles may change their position, de- 
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pending on the dominant species (96). In the British Isles no one 
species invariably forms the upper boundary to the mid-littoral, but 
in any one area it will be the upper limit of a barnacle species that 
will determine the upper limit of the mid-littoral. 

Japanese algologists at the present time appear to be working on 
a different approach. Katada (79) subdivides the intertidal zone 
on tide levels, though the Stephensons (127) argue strongly that 
this is not possible. Until we know more about the relationship be- 
tween submergence and exposure to metabolic activities it would be 
unwise to substitute tide levels for the well-marked biological levels. 
Utinomi (143) has suggested that habitats are formed into dif- 
ferent groups by a combination of types of substrate and degree of 
immersion. This approach is so alien to all other usages and 
without any overwhelming advantages that it would seem point- 
less to consider it. 

Molinier and Picard (103), in a study of the western Mediter- 
ranean basin, have pointed out the parallelism between the eco- 
logical classification of rocky shores and adjacent terrestrial com- 
munities. In both regions pattern and process lead to cycles in 
which climax vegetation plays its part. 


CONCLUSION 


The last decade has been encouraging because many previous 
gaps in our knowledge of algal ecology have been filled. In par- 
ticular the intensive work in Australia and New Zealand has been 
most profitable. In the future it may be suggested that attention 
should be devoted to the shores of the tropical regions of the world 
and to those of China and Japan. 

It is also evident that metabolic studies of algae, particularly on 
the relationship of photosynthesis and respiration to depth and ex- 
posure, should lead to a much better understanding of the factors 
controlling vertical distribution. Only by experimental work along 
these lines is it likely that a real answer will be found. It seems 
desirable that more attention be paid in the future to the effect of 
day length on the growth of algae. The advent of the aqua-lung 
should also see a renewed attack upon the problem of sublittoral 
ecology, a field in which good descriptive accounts are still lacking 
from most parts of the world. There is no doubt that studies in 
this field will influence some of our concepts of the future. 
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The biogeographical relationships of algal floras is now on a 
sound basis, but there are still areas, primarily in the tropics, where 
much further purely descriptive work remains to be done before 
our picture is complete. Ecological nomenclature appears to be 
soundly established, if the Stephenson system is generally adopted, 
and this will lead to uniformity of accounts and a greater ease in 
the making of comparisons. 

There is one field in which no major contribution has been made 
during the last decade, i.e., the study of life-form. At present there 
is no universally adopted life-form system for the algae, and it is 
suggested that the use of life-form for comparative ecological pur- 
poses has not been so fully explored as it should have been. 
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